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Abstract 
Increasing urbanization, in terms of growth in population as well as geographical spread, in the developing countries has 
significant implications for the transport sector. First is the increase in traffic volume and second, energy consumption. With 
constraints on energy resource availability, threat to climate change and transport infrastructure inadequacies, the above two 
implications need immediate attention of the planners and policy makers. However, there is inadequate research in understanding 
effect of urban system on energy dimension. The present work aims to understand this effect. For this study, urban system is 
considered as a close boundary system with residential and mobility as major contributors towards transport energy consumption. 
A set of Indian cities are considered for the study and Data Envelopment Analysis (DEA), a non-parametric technique is applied 
to study residential and mobility subsystem efficiency against energy subsystem. 
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1. Introduction 
Urban mobility seeks movement of people and goods and is important to the ever-changing dynamics of life and 
work in an urban society. Concentration of opportunities in cities and lack to good inter-city transport connectivity 
in developing countries like India have resulted in exodus of rural population to urban metropolitan areas. With 
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settlement increasing towards city fringes, urban sprawl has created high residential densities and longer travel 
distances with greater travel needs per capita of urban population.  
This has resulted in higher vehicle counts and greater consumption of transport energy in recent times. Given the 
limited availability of energy resources, ever increasing demand and not much effort towards implementation of 
renewable sources of transport fuel in metropolitan cities of developing countries like India, it becomes necessary to 
understand the pattern of energy use in an urban setup. This could enable policy decision to understand and restrict 
greater use of transport fuel in absence of expensive fuel efficient vehicle technology. Since most travel decision 
arises from residential zones and is converted into travel pattern in mobility zone, the study considers these two as 
highest consumer of transport fuel and energy. 
A substantial body of literature on urban characteristics and transport energy has been carried since 80’s. So far, 
relatively few researchers have investigated the linkage between urban forms and transportation energy use focusing 
on developing countries. Newman and Kenworthy (1999) noted a relationship between urban sprawl, private car use 
and energy consumption for mobility purposes across 84 cities. The analysis of travel behaviour in Uppsala by 
Hanson (1982) indicates that, for most aspects of travel patterns, socio-demographic variables may be more 
important than the effects of variables measuring spatial form and land use. The study showed that age, income, 
gender andcar availability have a clear impact on travel behaviour while (Camagni et al. 2002) indicated that energy 
consumption depends indirectly on the same variables, via their linkage with mobility patterns like trip length and 
modal choice between private and public means of travel. 
Some researchers, such as Boarnet and Sarmiento (1998) and Giuliano and Small (1993), showed that land use 
variables provided little explanatory power for observed travel. Others, including Krizek (2003) and Shen (2000), 
found that households change their travel behavior when locating in differing built environments. Studies like 
(Newman and Kenworthy, 1988; Karathodorou et al., 2010 and Su et al., 2011) highlight the effect of built 
environment like population density, road network density and congestion on fuel/transportation energy 
consumption while few other studies like (Mindali et al., 2004; Susilo and Stead 2008) suggest other than built 
environment, factors like income and fuel prices are more important in influencing travel and energy consumption. 
In a recent study by Kotval-K and Vojnovic (2015), data analysis of individual travel behavior and personal vehicle 
characteristics shows variation in environmental burdens with changing socio-economic composition. Brownstone 
and Golob (2009) have attempted to provide unified pictures of the relationships between built environment, travel 
behaviour and transport energy consumption. Effect of urban land use characteristics on household travel and 
transportation energy consumption in the Baltimore metropolitan area was studied by Liu and Shen (2011). It 
concluded that different built environment measures lead to substantially different findings regarding the importance 
of urban form in influencing travel behaviour and household socio-economic characteristics, such as gender and 
number of vehicles, and vehicle characteristics also show significant relationships between VMT and energy 
consumption. Papa (2014) reviewed factors like city size, urban structure, road density, population density, land-use 
mix, location, destination accessibility, and distance to transit as important factors that influence transport energy 
consumption in urban areas. In view of the above literature this paper attempts to understand efficiency of Indian 
cities with respect to urban residential and mobility dimension towards energy use. 
 
2. Conceptual model 
 
For the present work, a city is conceptualized as a closed boundary urban system formed of residential subsystem 
and mobility subsystem. Assuming these subsystems as the origin of all activities, the study attempts to measure 
efficiency of these subsystems against energy subsystem. The residential subsystem is represented in terms of 
population density, household size, car penetration rate and average household income as important factors 
influencing travel behaviour. These indicators are considered prime drivers of mobility and hence have influence on 
urban transport energy consumption. Population density, measured as the number of people, dwellings or 
households per square kilometres is the land use factor that has received more attention in the literature (Papa, 
Garguilo and Angiello; 2014). One of the most cited studies on the relationships between density and energy 
consumption is that by Newman and Kenworthy (1989). These authors found that low-density metropolitan areas 
exhibit higher per-capita transport energy consumption and an almost total predominance of automobile use. Thus 
cities with expanding densities located at greater distance from central business districts (CBD) are less compact 
with longer distances among various land uses. This may induce greater passenger kilometre of travel and hence 
higher energy consumption. Given that most Indian cities are expanding in this fashion, the present study attempts to 
1811 Nibedita Dash and P. Balachandra /  Transportation Research Procedia  14 ( 2016 )  1809 – 1818 
capture the residential characteristics of Indian cities and establish their efficiency against transport energy/fuel use 
for the present study. 
Similarly the mobility subsystem is considered to be a combinationof three categories, i.e. commuter travel 
characteristics, road vehicular characteristics and road characteristics, measured against transport energy use to 
study the efficiency. Commuter travel characteristics considered are per capita trip rate and passenger kilometres per 
capita affectedby mode choice across various income groups. Road vehicular characteristics are the percentage of 
mode share by public and private transport, which affect energy dimension directly. Road characteristics are 
commuter and vehicle characteristics under given traffic condition which also impact energy use. In this case it is 
expressed in terms of vehicle motorization index and congestion index. Motorization rate and congestion affect 
vehicular movement on roads and affect vehicle operational characteristics undervarious traffic conditions. Also 
characteristics of different vehicular modes may consume energy differently. Hence the mobility subsystem is 
broken down into these categories for analysing efficiency of each with respect to urban transport energy usage. 
The figure below pictorially depicts the concept adopted for the present analysis. The overall idea is to study 
urban efficiency measured against energy dimension. For this the urban system is disaggregated into residential and 
mobility subsystems represented by household and mobility indicators which are inputs for the analysis. The energy 
dimension represents output for the framework. Output indicators are petrol consumption, diesel consumption, 
mobility intensity, energy use per person by fuel type. Since the analysis uses data envelopment method, the outputs 
considered are a measure of the direct impact of the inputs taken. Hence for the analysis involving residential 
subsystem, petrol and diesel consumption are output indicators. But for mobility subsystem, the output is measured 
in terms of energy intensity of transport activity. The indicators used for analysis are described in the data section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Conceptual input-output framework. 
3. Methodology of the study – data envelopment analysis 
Studies on urban efficiency benchmarking have been conducted using various methods of analysis like theme 
based methods, parametric methods and non-parametric methods. Theme based methods include indicator based 
frameworks (Reddy and Balachandra.; 2013; Hippu and Reddy.; 2011, Miranda and Silva.; 2012) among others. The 
drawback with these methods is that the benchmark is set based on a known upper limit value which may not be 
same for all scenarios and may not bring out the actual effect of efficiency measure. Soltani and Mehraein (2012) 
used ordinary linear regression to discover the impact of explanatory variables on energy consumption of residential 
districts in Iran. Mindali and Raveh (2004) used co-plot multivariate technique to study relationships between 
density and energy consumption in western cities. Though parametric methods like regression give an idea of the 
dependency relationship yet are not much efficient as a tool for measurement of efficiency since they give the mean 
value and not the measure of best value. To overcome these shortcomings, the present study applies data 
envelopment analysis (DEA) since it gives the relative best value measure and not the mean value as in case of 
regression analysis. Also the measure of best value is not pre fixed as in case of indicator based systems but is 
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obtained from the best performing unit of comparison. DEA is typically a nonparametric method of benchmarking, 
used most commonly in econometrics to estimate the efficiency of production units. Over last few years it has found 
wide application in numerous areas such as health, education, urban transport, industry production and finances etc. 
The method is useful in assessing the performance of decision making units such as transit systems, schools and 
hospitals for which performance may not be measured only in terms of financial performance or profits earned. 
It involves use of linear programming methods to construct a non-parametric surface over the data so as to enable 
efficiency calculation of each entity relative to the surface. The method calculates an entity’s efficiency based on the 
maximum outputs that a decision making unit (DMU) is able to produce with a given set of inputs or based on its 
ability to produce a given set of outputs using the least amount of inputs.  
Theoretically, the efficiency score in the presence of multiple input and output factors is defined as below: 
 
ܧ݂݂݅ܿ݅݁݊ܿݕ ൌ ௐ௘௜௚௛௧௘ௗ௦௨௠௢௙௢௨௧௣௨௧௦ௐ௘௜௚௛௧௘ௗ௦௨௠௢௙௜௡௣௨௧௦         
   
Relative efficiency of each city is measured as 
 
ܧ݂݂݅ܿ݅݁݊ܿݕ݋݂݄݁ܽܿܿ݅ݐݕ ൌ σ௪బ௬బσ௪೔௫೔         
 
where w0 = weight assigned to output variable y0 
y0= amount of output variables 
wi = weight assigned to input variable xi 
xi = amount of input variables 
ܯܽݔ݅݉݅ݖ݁ܼ ൌ σ ௥ܷ ௥ܻ௝ଵ         (1) 
ܵݑܾ݆݁ܿݐݐ݋ σ ௜ܸ௜ ௜ܺ௝ଵ ൌ ͳ         (2) 
σ ௥ܷ௥ ௥ܻ௝ െ σ ௜ܸ௜ ௜ܺ௝ ൑ Ͳǡ ݆ ൌ ͳǡǥ Ǥ Ǥ ݊        (3) 
௥ܷ ൒ Ͳǡ ݎ ൌ ͳǡǥ Ǥ ݏ          (4) 
௜ܸ ൒ Ͳǡ ݅ ൌ ͳǡǥ Ǥ Ǥ݉          (5) 
Equation 1 is the objective function (Z) that maximizes the energy use outputs. Ur is the weight associated with 
each energy output Yr. ௥ܻ௝ଵ  denotes the output for the jth city under consideration. Equation 2 denotes the first 
constraint which is the denominator expressed as weighted sum of the inputs and its maximum value is restricted to 
1. Here ௜ܸ denotes the weight associated with each input indicator and ௜ܺ௝ଵ is the input indicator value of the jth city. 
Equation 3 is another constraint denoting efficiency measure cannot exceed 1 converted to represent it in linear 
form. Equation 4 and 5 are the non-negativity constraints indicating the weights associated with the input and output 
indicators should always be greater than equal to zero. 
The DEA method proceeds for each DMU by selecting input and output weights that maximize its efficiency 
score against the benchmarked score. The benchmarked score is the efficiency of the best performing DMU. 
Graphically this is denoted as the best frontier surface. The other DMUs measure their efficiency in terms of 
deviation from the frontier line and the score obtained is the measure of efficiency/inefficiency. However for the 
present analysis, since the output energy/fuel use is undesirable, a score of 1 denotes inefficiency and a score lesser 
than 1 denotes higher efficiency. 
The analysis in this paper uses CCR input-oriented, constant return to scale model to study efficiency of 
residential subsystem, mobility subsystem against energy dimension. Based on assumptions above, the analysis is 
carried out for residential and mobility subsystem of 36 cities. Cities with missing data are removed in case of each 
analysis performed. The analysis is run using LINGO software and rechecked using DEAP program developed by 
Centre for Efficiency and Productivity Analysis (CEPA), University of Queensland, Australia. 
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3.1. Data definition 
Inputs are measures that are considered to impact energy dimension. Residential input indicators considered are 
population density, car penetration and average household income. Similarly the mobility commuter characteristics 
input indicators are passenger kilometer per capita and per capita trip rates which are measure of population travel 
pattern in a city. Vehicle and road characteristics of mobility are total private transport and public transport, 
motorization index and congestion index respectively. 
The output indicators of energy dimension are measured in terms of fuel consumption (petrol and diesel) towards 
transport needs of the urban system for efficiency analysis of residential subsystem. For mobility subsystem 
efficiency analysis, indicators like mobility energy intensity, transport energy intensity, energy use per person etc 
are used which are derived from fuel consumption data. The input and output data for each DMU are obtained from 
different sources (BBMP 2011, Wilbur smith report 2008, Census of India 2011, Reddy and Balachandra 2010, 
MortH 2011). Due to unavailability of each data type for the same year, an assumption is made that each data series 
for every indicator be represented by data available from a period of 2005 to 2010.  
The application of DEA requires a minimum number of DMUs for proper efficiency results. It is necessary to 
carefully evaluate the trade-off between the number of DMU included for the test and associated inputs/outputs sets. 
Large number of input/output variables generates good results but it also requires a good number of DMU units for 
efficiency measure. Care is taken to include substantially higher number of DMU’s for better result. 
4. Results and discussion 
4.1. Residential subsystem 
The present analysis tries to identify efficiency of cities towards energy/fuel usage for the associated activities in 
residential subsystem of urban system. Since higher energy usage is undesirable and DEA tries to maximize output 
for given input activities, the cities with higher efficiency values are less sustainable and the ones with lower 
efficiency values are better sustainable. On the basis of the logic above, it is observed that among metropolitan 
cities, Delhi, Pune are worse off at 1 in energy usage resulting from the residential subsystem activity. However 
other cities like Mumbai, Kolkatta and Chennai present better energy use efficiency at 0.34, 0.44 and 0.56. Better 
performance of Kolkatta and Mumbai could be attributed to better distribution of public transport system thereby 
contributing to efficient energy usage. However it is observed that Bangalore exhibits efficiency at 0.6 indicating the 
present state of residential activities requires greater transport energy usage to fulfill mobility needs. Also the weight 
associated with each input or output indicator towards efficiency or inefficiency of the city is tabled below 
exhibiting their contribution towards the overall city efficiency score. It is observed that weight associated with car 
penetration rate is significant for most cities. This could mean that in absence of good public transport system except 
in case of Mumbai, increasing population density results in higher car penetration rates requiring greater fuel 
consumption towards private transport. Also the distribution of city and its shape may also have an effect on fuel 
usage. This raises the possibility of considering population density, household size, higher household income and 
vehicle penetration rates while framing policies towards fuel efficient urban system. 
Table 1. Residential – energy efficiency measure. 
City Population density Car penetration 
rate (share of 
population in 
percentage) 
Average 
household 
income (per 
annum) 
Petrol 
consumption 
Diesel 
consumption 
Constant 
Returns to Scale 
Technical 
Efficiency 
(CRSTE) 
Mumbai 0.00000 0.03344 0.00000 0.00000 0.00000 0.43375 
Delhi 0.00005 0.01160 0.00000 0.00000 0.00000 1.00000 
Kolkatta 0.00005 0.08333 0.00000 0.00000 0.00000 0.44000 
Chennai 0.00005 0.06061 0.00000 0.00000 0.00000 0.56000 
Bangalore 0.00011 0.02473 0.00000 0.00000 0.00000 0.60000 
Hyderabad 0.00005 0.06024 0.00000 0.00000 0.00000 0.54943 
Ahmedabad 0.00012 0.00947 0.00000 0.00000 0.00000 0.57762 
Pune 0.00014 0.01396 0.00000 0.00001 0.00000 1.00000 
Surat 0.00015 0.03305 0.00000 0.00000 0.00000 0.47000 
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Kanpur 0.00005 0.18519 0.00000 0.00001 0.00001 0.87000 
Jaipur 0.00016 0.03833 0.00000 0.00001 0.00000 0.74000 
Lucknow 0.00027 0.05908 0.00000 0.00001 0.00000 0.55000 
Nagpur 0.00026 0.05673 0.00000 0.00001 0.00000 0.50322 
Bhopal 0.00058 0.12702 0.00000 0.00002 0.00000 0.72716 
Coimbatore 0.00016 0.00657 0.00000 0.00002 0.00000 0.98000 
Vishakhapatnam 0.00023 0.00933 0.00000 0.00002 0.00000 0.72000 
Patna 0.00017 0.00699 0.00000 0.00002 0.00000 0.70000 
Ranchi 0.00029 0.06427 0.00000 0.00001 0.00000 1.00000 
Amritsar 0.00013 0.00540 0.00000 0.00002 0.00000 0.54000 
Ludhiana 0.00014 0.03424 0.00000 0.00002 0.00000 0.74440 
Chandigarh 0.00026 0.00000 0.00000 0.00002 0.00000 0.26000 
Jalandhar 0.00019 0.00000 0.00001 0.00002 0.00000 0.80000 
Madurai 0.00021 0.00846 0.00000 0.00002 0.00000 0.43000 
Hubli 0.00024 0.00973 0.00000 0.00002 0.00000 0.97000 
Vadodara 0.00024 0.01951 0.00000 0.00001 0.00000 0.52000 
Gwalior 0.00036 0.00000 0.00001 0.00002 0.00000 0.87000 
Meerut 0.00017 0.00000 0.00000 0.00002 0.00000 0.73000 
Agra 0.00018 0.00000 0.00001 0.00002 0.00000 0.77000 
Indore 0.00019 0.00762 0.00000 0.00002 0.00000 0.64000 
Nasik 0.00037 0.00000 0.00001 0.00002 0.00000 0.99000 
Jamshedpur 0.00025 0.00997 0.00001 0.00002 0.00000 1.00000 
Raipur 0.00024 0.00946 0.00000 0.00002 0.00000 0.94000 
Trichy 0.00018 0.00739 0.00000 0.00002 0.00000 0.74000 
Cochin 0.00014 0.00544 0.00000 0.00002 0.00000 0.29000 
Varanasi 0.00016 0.00635 0.00000 0.00002 0.00000 0.29000 
Guwahati 0.00029 0.06365 0.00000 0.00001 0.00000 1.00000 
 
4.2. Mobility subsystem: commuter characteristics 
 
To study the efficiency of mobility subsystem, two commuter characteristics are considered – Passenger 
kilometre per capita and Per capita trip rate. These indicators measure the aggregate intra-city travel pattern of 
commuters and hence are a good representation of commuter characteristics. The output variables considered are 
mobility energy intensity and transport energy intensity. Mobility energy intensity is the amount of energy 
associated with movement of people from one point to another point and transport energy intensity is defined as 
annual energy consumption by passenger transport per capita (Reddy and Balachandra, 2010). Since commuter 
travel by all modes translates to passenger transport, it is considered conducive to include the above input and output 
indicators. From table 2 below it is observed that for the city efficiencies, per capita trip rate as input indicator is 
a significant contributor for most cities compared to passenger kilometre per capita. The output mobility energy 
intensity indicator is significant for cities like Mumbai, Kolkatta, Surat among other cities. It indicates that these 
cities have a high movement of people across the city consuming more energy per passenger kilometre of travel. 
This may lead to the understanding that high population density results in higher per capita trip rate and hence 
greater movement of people from one point to another. This may aid in understanding that these cities may have 
poor public transport infrastructure resulting in preference for private mode of transport with lesser carrying 
capacity but higher transport energy usage. Since energy use is an undesirable output for the present analysis most 
cities as observed in the table above are inefficient with values close to 1. Improving inter-modal public transport 
system with higher carrying capacity may help address the problem. 
Table 2. Mobility – energy efficiency (commuter characteristics) measure. 
City Passenger 
kilometer 
(PKM) per 
capita 
Per capita trip rate (PCTR) Mobility energy 
intensity (MJ/PKM) 
Transport energy 
intensity 
(GJ/capita/year) 
Constant Returns to 
Scale Technical 
Efficiency (CRSTE) 
ratio 
Mumbai 0.0005 0.0000 2.0528 0.0587 1.0000 
Delhi 0.0001 0.1516 0.3117 0.0000 1.0000 
Kolkatta 0.0006 0.0000 2.3224 0.0664 1.0000 
Chennai 0.0002 0.2182 0.0000 0.4487 0.8400 
Bangalore 0.0001 0.1553 0.0000 0.3193 0.9200 
Hyderabad 0.0002 0.2421 0.0000 0.4978 0.8000 
Ahmedabad 0.0001 0.1713 0.0000 0.3522 0.8400 
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Pune 0.0001 0.1751 0.0000 0.3601 0.9200 
Surat 0.0004 0.0227 1.7241 0.0000 1.0000 
Kanpur 0.0000 0.7869 0.7869 0.0000 0.7100 
Jaipur 0.0001 0.1703 0.0000 0.3502 0.7900 
Lucknow 0.0002 0.2225 0.0000 0.4576 0.8100 
Nagpur 0.0001 0.1753 0.0000 0.3605 0.8100 
Bhopal 0.0001 0.2095 0.0000 0.4308 1.0000 
Coimbatore 0.0000 0.9009 1.2083 0.1437 0.8400 
Vishakhapatnam 0.0001 0.6442 1.0292 0.2861 0.8200 
Patna 0.0001 0.1740 0.0000 0.3579 0.7400 
Amritsar 0.0001 0.2033 0.0000 0.4180 0.7200 
Madurai 0.0001 0.1940 0.0000 0.2869 0.6800 
Hubli 0.0001 0.6333 1.0119 0.2813 0.7600 
Vadodara 0.0001 0.1743 0.0000 0.3584 0.8600 
Agra 0.0001 0.5817 0.9295 0.2584 0.7200 
Indore 0.0001 0.1772 0.0000 0.3643 0.8500 
Cochin 0.0001 0.5529 0.8801 0.2446 1.0000 
Varanasi 0.0002 0.2300 0.0000 0.4731 0.7400 
 
4.3. Mobility subsystem: vehicular mode characteristics 
 
Input variables considered here are total private transport and total public transport. They indicate proportion of 
traffic composition and their respective consumption of transport energy. Output variables are Energy use towards 
public transport, Energy use towards public transport per person, Energy use towards private transport and Energy 
use towards public transport per person. In this case, Mumbai, Chennai, Hyderabad, Visakhapatnam and Vadodara 
are more efficient than others. This may be attributed to the fact that there may be a proportionate distribution of 
private and public transport in these cities in comparison to other cities. Other cities like Delhi, Kolkata, Kanpur, 
Cochin, Coimbatore, Varanasi, Madurai and Ludhiana are highly inefficient with a score of 1. In these cities, the 
proportion of public and private transport modes may be biased towards private transport with low passenger 
carrying capacity and greater energy consumption. This could lead to a conclusion that for a given population 
density in a city, the proportionate distribution of private and public transport affects energy consumption given 
other factors affecting energy use are held constant or are minimal. In this backdrop it may be suggested that energy 
consumption pattern in mobility subsystem is affected by vehicular mix characteristics and may have implications 
on urban energy policies aimed at improving city sustainability. This may help in decision making when new 
transport policies or vehicle technology is intended to be brought into the urban system. For example the intended 
policy like congestion pricing, equitable urban space distribution, multimodal integration of transport system may 
have implications on vehicular mode share which in turn may affect energy consumption. Tracing this effect 
through the input-output framework may help decide course of the future policy implementation.  
Table 3. Mobility subsystem efficiency – vehicular mode characteristics. 
City Total 
public 
transport 
Total private 
transport 
Energy use 
towards public 
transport (PJ) 
Public 
transport 
Energy use per 
person 
(GJ/person) 
Energy use 
towards 
private 
transport (PJ) 
Private 
transport 
Energy use per 
person 
(GJ/person) 
Constant 
Returns to 
Scale 
Technical 
Efficiency 
(CRSTE) ratio 
Mumbai 0.00000 0.00000 0.00160 0.00000 0.14335 0.00000 0.37 
Delhi 0.00000 0.00000 0.00000 0.00000 0.03957 0.00000 1 
Kolkatta 0.00001 0.00000 0.09338 0.00000 0.02712 0.00000 1 
Chennai 0.00001 0.00000 0.04464 0.00000 0.01297 0.00000 0.33 
Bangalore 0.00001 0.00000 0.04613 0.00000 0.01340 0.00000 0.6 
Hyderabad 0.00000 0.00000 0.00000 0.00000 0.11854 0.00885 0.36 
Ahmedabad 0.00001 0.00000 0.06118 0.00000 0.01777 0.00000 0.44 
Pune 0.00001 0.00000 0.10034 0.00000 0.02915 0.00000 0.64 
Surat 0.00000 0.00000 0.00000 0.00000 0.20288 0.12366 0.78 
Kanpur 0.00027 0.00000 0.00000 0.91353 0.00000 0.97442 1 
Jaipur 0.00000 0.00000 0.00000 0.00000 0.17613 0.10735 0.45 
Lucknow 0.00001 0.00000 0.00000 0.10713 0.24122 0.06424 0.76 
Nagpur 0.00003 0.00000 0.20570 0.00000 0.05353 0.00000 0.64 
Patna 0.00000 0.00000 0.00000 0.00000 0.40237 0.24526 0.4 
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Indore 0.00002 0.00000 0.16790 0.00000 0.04369 0.00000 0.45 
Vadodara 0.00000 0.00000 0.00000 0.00000 0.24823 0.15130 0.32 
Bhopal 0.00003 0.00000 0.23760 0.00000 0.08731 0.02961 1 
Cochin  0.00000 0.00001 0.00000 0.00000 1.31090 0.09782 1 
Coimbatore 0.00004 0.00000 0.30960 0.00000 0.00000 0.00000 1 
Vishakhapatnam 0.00000 0.00000 0.00000 0.00000 0.35820 0.21833 0.36 
Ludhiana 0.00006 0.00000 0.00000 0.11775 0.00000 0.39402 1 
Varanasi 0.00014 0.00000 0.00000 0.25762 0.00000 0.86207 1 
Madurai 0.00002 0.00000 0.00000 0.25890 0.42736 0.00609 1 
Hubli 0.00000 0.00000 0.00000 0.00000 0.15820 0.09642 0.55 
Ranchi 0.00000 0.00000 0.00000 0.00000 0.15820 0.09642 0.55 
Amritsar 0.00000 0.00000 0.00000 0.00000 0.15820 0.09642 0.55 
 
 
4.4. Mobility subsystem: road traffic characteristics 
 
This section considers the outcome of the commuter and vehicular effect in terms of motorization index and 
congestion index which primarily indicate road traffic condition. Motorization index expresses number of vehicles 
on road per 1000 population and congestion index measures additional travel time on a road network owing to 
congestion. These variables are measured against energy variables to measure efficiency of mobility subsystem 
under road traffic condition. The output variables here are same as above – Energy use towards public transport, 
Energy use towards public transport per person, Energy use towards private transport and Energy use towards public 
transport per person.  
For most Indian cities, high motorization index and congestion index plague the urban travel condition. Rao 
(2012) suggest that congestion is a function of micro-level and macro-level factors. Micro-level factors like many 
people movement at the same time and too many vehicles for a limited road space, Macro-level factors like land-use 
patterns, car ownership trends, regional economic dynamics, etc. influence congestion. Ahmadi (2012) explored the 
impact of urban sprawl on transportation energy consumption and transportation carbon footprint for large U.S cities 
and observed a significant impact of congestion index on transportation energy consumption. Following the 
previous studies, an input-output relationship is developed for Indian cities in the present study. Table 4 shows the 
results obtained from the analysis. It is observed that weight associated with congestion index as input indicator is 
high in case of most cities and weight associated with output indicator like energy use towards private transport per 
person is also high leading to inefficiency at 1. Most of the cities observed in the table show high inefficiency as 
a function of motorization and congestion index and the resulting energy use. For all cities, along with vehicular 
composition and commuter characteristics, road traffic conditions like congestion and motorization also play 
a significant role in energy consumption. This could lead to the understanding that most Indian cities have a high 
congestion index along with energy inefficient vehicles contributing to greater urban inefficiency. Thus to bring the 
understanding of policy implementation, it is imperative to consider the road traffic condition like motorization and 
congestion index of cities along with vehicular and commuter characteristics so that the policies are aimed 
specifically at each level of energy consumption. 
Table 4. Mobility subsystem efficiency – road traffic characteristics. 
City 
 
 
 
Motorization 
index 
Congestion 
index 
Energy 
use 
towards 
public 
transport 
(PJ) 
Public 
transport 
Energy use 
per person 
(GJ/person) 
Energy use 
towards 
private 
transport 
(PJ) 
Private transport 
Energy use per 
person (GJ/person) 
Constant 
Returns to Scale 
Technical 
Efficiency 
(CRSTE) ratio 
Mumbai 0.01449 0.00000 0.03904 0.13715 0.00000 1.59899 1.00000 
Delhi 0.00000 2.12766 0.00000 0.08213 0.03466 0.00000 1.00000 
Kolkatta 0.01563 0.00000 0.00424 1.65990 0.00000 0.00000 0.89000 
Chennai 0.00063 2.16786 0.04468 0.11903 0.00000 0.00000 0.49000 
Bangalore 0.00058 1.99858 0.04120 0.10973 0.00000 0.00000 0.68000 
Hyderabad 0.00452 0.00000 0.00928 0.04702 0.00624 0.48974 0.56000 
Ahmedabad 0.00091 2.35697 0.03252 0.05884 0.00000 0.31783 0.64000 
Pune 0.00502 0.27663 0.00000 0.50133 0.03067 0.00000 1.00000 
Surat 0.00483 0.00000 0.00991 0.05020 0.00666 0.52286 0.48000 
Kanpur 0.00676 0.00000 0.00000 0.09214 0.02177 0.71187 0.56000 
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Jaipur 0.00039 2.89654 0.02170 0.00000 0.01225 0.39699 0.62000 
Lucknow 0.00398 0.00000 0.00000 0.05433 0.01283 0.41975 0.55000 
Nagpur 0.00039 2.90557 0.02177 0.00000 0.01228 0.39823 0.52000 
Patna 0.00508 0.00000 0.00000 0.54532 0.00000 0.00000 0.84000 
Indore 0.00232 0.41003 0.00000 0.00000 0.29610 0.00000 0.49000 
Vadodara 0.00046 3.45861 0.02591 0.00000 0.01462 0.47402 0.67000 
Bhopal 0.00342 0.65943 0.00000 0.42944 0.00000 0.02517 0.61000 
Cochin  0.00296 0.52281 0.00000 0.37754 0.00000 0.00000 0.75000 
Coimbatore 0.00450 0.13962 0.01775 0.03461 0.00000 0.51420 1.00000 
Vishakhapatnam 0.00048 3.60595 0.02702 0.00000 0.01524 0.49422 0.45000 
Ludhiana 0.00369 0.11448 0.01456 0.02837 0.00000 0.42159 1.00000 
Varanasi 0.00009 2.32589 0.00000 0.00000 0.00000 0.31885 0.29000 
Madurai 0.00000 10.00000 0.00000 0.00000 0.11242 1.10667 1.00000 
Hubli 0.00124 3.19248 0.04405 0.43049 0.00000 0.43049 0.74000 
Ranchi 0.00096 2.49108 0.03437 0.06219 0.00000 0.33591 0.57000 
Amritsar 0.00076 4.18340 0.05241 0.00000 0.00000 0.58709 0.82000 
5. Policy implications 
The present study can have numerous policy implications. In India, many policies like national urban transport 
policy (NUTP) were brought with a view to improve urban transport and drive it towards sustainability. However 
most of these reports suggest numerous measures like integrated land use planning, allocation of road space, 
promoting public transport, capacity building, and cleaner technologies among others. But mostly implementation is 
poor owing to lack of understanding between need for location based improvement and measuring the goal of urban 
efficiency. This study could provide a framework to measure urban efficiency of Indian cities for various policy 
packages. For example if an integrated land use planning is to be implemented in a certain city, first a study should 
be conducted to understand the urban efficiency in the present state of land-use, urban form distribution and how the 
city measures against overall energy use (since energy use is a good measure of sustainability) and is there 
a requirement to improve it further to mitigate inefficient energy usage. In absence of such benchmark frameworks, 
it becomes difficult to track the efficiency in a city on post implementation of numerous urban planning measures.  
6. Conclusions 
The present study attempts to understand the relationship between residential and mobility dimensions of urban 
system against energy system. The result ranks the cities based on the score obtained. Since it is based on the 
maximization of energy output denoting energy usage, the efficiency value measuring 1 and close to 1 are most 
inefficient and values lesser than 1 are more efficient. However, it must be noted that the efficiency measure is only 
a comparative measure among cities as DMUs and not necessarily the exact value. From the results it is observed 
the residential subsystem is inefficient for most cities. Mobility subsystem is also unsustainable for most cities along 
three subdivisions -vehicular, commuter and traffic condition. Thus the study is an outline to bring forth the idea that 
efficiency measure of urban activities against energy dimension can be a good indicator of urban system 
functioning. This could help understand which determinant in urban system makes it inefficient and relevant action 
can be taken. Also the measure across various cities would help in comparing cities through various indicators, to 
understand their performance towards energy usage in various dimensions. This study suggests that urban transport 
energy policies should consider the elements of residential and mobility subsystem while implementing decisions to 
avoid random implementation of urban policies resulting in ineffective outcome in future. 
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